Objectives: Von Economo neurons (VENs) are defined by their thin, elongated cell body and long dendrites projecting from apical and basal ends. These distinctive neurons are mostly present in anterior cingulate (ACC) and frontoinsular (FI) cortex, with particularly high densities in cetaceans, elephants, and hominoid primates (i.e., humans and apes). This distribution suggests that VENs contribute to specializations of neural circuits in species that share both large brain size and complex social cognition, possibly representing an adaptation to rapidly relay socially-relevant information over long distances across the brain. Recent evidence indicates that unique patterns of protein expression may also characterize VENs, particularly involving molecules that are known to regulate gut and immune function.
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Von Economo neurons (VENs) of the cerebral cortex are hypothesized to be centrally involved in the evolution of circuitry underlying self-awareness and social cognition (Allman et al., 2001 (Allman et al., , 2005 Nimchinsky et al., 1999) . VENs were initially identified as morphologically distinct from pyramidal neurons by their thin, elongated cell body and long, prominent dendrites projecting from apical and basal poles (Allman et al., 2005; Nimchinsky et al., 1995; von Economo, 1926) . They are located predominantly in layer V of anterior cingulate (ACC) and fronto-insular cortex (FI), regions that are involved in the integration of interoception, emotion, and cognition. The relevance of this small population of neurons to social cognition is highlighted by the fact that VENs in FI are selectively and profoundly depleted in the behavioral variant of frontotemporal dementia, a neurodegenerative disease characterized by severe deficits in the patient's ability to recognize the emotional impact of their actions on others (Seeley et al., 2006 (Seeley et al., , 2007 . In addition, VENs have arisen several times among phylogenetically divergent species that share both large brain size and complex social organization, suggesting that they contribute to specializations of neural circuits that relay socially relevant information over long distances across the brain. Based on their morphology in Nissl-stained sections, high densities of VENs have been identified in ACC and FI of hominoid primates (Allman et al., 2005; Nimchinsky et al., 1995 Nimchinsky et al., , 1999 , cetaceans Hof and Van der Gucht, 2007) , and elephants .
Understanding the VENs' distinctive relationship to other cortical neuron types will shed light on their neurobiological function and contribution to cognitive adaptations. Watson et al. (2006) showed that in humans VENs have both fewer and shorter dendritic branches, as well as fewer dendritic spines, as compared to neighboring pyramidal neurons. These findings suggest that VENs are designed to perform relatively simple integrative functions within a narrow cortical column before conveying output to other brain regions for further processing. Additionally, VENs have significantly larger cell bodies than pyramidal neurons and express intense immunostaining against non-phosphorylated neurofilament protein (Nimchinsky et al., 1995) , indicating that they carry large axons involved in the rapid conduction of information.
To further characterize the VENs, it is important to consider their biochemical phenotype. Allman et al. (2010) and Tetreault et al. (2010) reviewed a variety of proteins that are selectively expressed by VENs in humans and have a restricted distribution in layer V of ACC and FI. Among these proteins, activating transcription factor 3 (ATF3), the interleukin-4 receptor alpha chain (IL4Ra), and neuromedin B (NMB) displayed some of the most intense staining in VENs.
ATF3 is a member of the mammalian activation transcription factor/cAMP responsive element-binding (CREB) protein family of transcription factors and its variants either activate or repress gene transcription from promoters of ATF binding elements. ATF3 has been shown to be involved in stress responses of the body (Chen et al., 1996; Hai et al., 1989) and the control of pain sensitivity in spinal cord neurons (Latremolier et al., 2008) . The activity of ACC is closely related to the perceived unpleasantness of pain (Rainville et al., 1998) , and thus the expression of ATF3 in the VENs might be related to the regulation of pain sensitivity in this structure as well.
IL4Ra is a Type I cytokine receptor which binds interleukin-4 and interleukin-13 to regulate the production of immunoglobin E (IgE), thus playing a crucial role in allergic reactions, particularly asthma (Wenzel et al., 2007) . In the brain, IL4Ra plays an important role in inflammatory reactions and has been implicated in the pathology of schizophrenia (Nawa and Takei, 2006; Nawa et al., 2000; Watanabe et al., 2008) . Anterior cingulate cortex is involved in the regulation of the severity of asthmatic responses to allergens in human subjects (Rosenkranz and Davidson, 2009 ) and IL4Ra expression in the VENs may participate in this process.
NMB is a peptide that is involved in the release of digestive enzymes in the stomach, in smooth muscle contractions during intestinal peristalsis, in the mounting of immune responses to potentially damaging ingested substances, and in the control of appetite by the brain (Jensen et al., 2008) . NMB participates in the local control of the intestinal tract, but also functions at higher levels of gut control, first in the hypothalamus where the digestive processes are integrated with other homeostatic systems of the body, and second in the insular and related cortices, where gut feelings and the control of the gut interact with circuitry activated in awareness, motivation, and conscious decision-making . The high level of expression of proteins that are involved in immune response and digestion by VENs suggests their role in monitoring of a ''body-loop'' that incorporates visceral states and emotions in the awareness of self and others Damasio, 1994) .
In the present study, we examined whether ATF3, IL4Ra, and NMB display selective distributions among the various neuron types in layer V of the ACC of hominoid primates (i.e., humans and apes) to test the hypothesis that these proteins serve a special role in the biochemical function of VENs.
MATERIALS AND METHODS Specimens
Formalin-fixed brain samples were obtained from hominoid primates, including Homo sapiens (n 5 6), Pan troglodytes (n 5 5), Pan paniscus (n 5 1), Gorilla gorilla (n 5 5), Pongo pygmaeus (n 5 5), Hylobates muelleri (n 5 1), and Symphalangus syndactylus (n 5 1). Table 1 provides details about age at death and the sex of subjects used in this study. Nonhuman brains came from animals that were housed at various zoological and research facilities according to each institution's guidelines; the nonhuman primate subjects were not part of any research protocol that may have contributed to their death. Human brain samples were provided by the El Paso County coroner's office in Colorado. None of the humans showed evidence of neurological or psychiatric dysfunction prior to death and all postmortem brains appeared normal upon routine neuropathology evaluation.
Tissue preparation and immunohistochemistry
Within 19 h of each subject's death, the brain was removed and immersed in 10% formalin. In most cases, the brain was transferred to 0.1 M phosphate buffered saline (PBS) with 0.1% sodium azide solution after 10 days and stored at 48C. Tissue blocks, which included the left anterior cingulate cortex (Brodmann's area 24) were cryoprotected by immersion in buffered sucrose solutions up to 30%, embedded in Tissue-Tek medium, frozen in a slurry of dry ice and isopentane, and sectioned at 40 lm with a sliding microtome in the coronal plane.
Free-floating sections were stained with rabbit polyclonal IgG 1 antibodies against a peptide mapping to the Cterminus of human ATF3 (1:100 dilution, sc-188, Santa Cruz Biotechnology, Santa Cruz, CA), an epitope on the Cterminal cytoplasmic domain of human IL4Ra (1:100 dilution, sc-684, Santa Cruz Biotechnology), and a fusion protein to NMB, which is recognized as a band at 13 kD by Western blot (1:100 dilution, 10888-1-AP, ProteinTech Group, Chicago, IL). Prior to immunostaining, sections were rinsed thoroughly in PBS and pretreated for antigen retrieval by incubation in 10 mM sodium citrate buffer (pH 3.5) at 378C in an oven for 30 min. Sections were then rinsed and immersed in a solution of 0.75% hydrogen peroxide in 75% methanol to eliminate endogenous peroxidase activity. After rinsing again, sections were incubated in the primary antibody diluted in PBS with 2% normal horse serum and 0.1% Triton X-100 detergent for 24 h on a rotator at 48C. After rinsing in PBS, sections were incubated in biotinylated anti-rabbit IgG (1:200 dilution, BA-2000, Vector Laboratories, Burlingame, CA) and processed with the avidin-biotin-peroxidase method using a Vectastain Elite ABC kit (pk-6100, Vector Laboratories). Sections were rinsed again in PBS, followed by a rinse in sodium acetate buffer. Immunoreactivity was revealed using 3,3 0 -diaminobenzidine and nickel enhancement according to a modification of the methods in Shu et al. (1989) and Van der Gucht et al. (2001) . Specificity of the reaction was confirmed by processing negative control sections as described, excluding the primary antibody. No immunostaining was observed in control sections.
Stereologic analyses
Stereology was performed to determine whether different morphological classes of neurons in layer V of ACC showed variation in their expression of ATF3, IL4Ra, and NMB across species. To examine this question, we used stereologic principles to obtain estimates of the density of immunoreactive neurons in layer V, as well as the total population of Nissl-stained neurons from adjacent sections (see Sherwood et al., 2007) .
Quantification of the numerical density of ATF3-immunoreactive (-ir), IL4Ra-ir, and NMB-ir neurons in layer V was performed using a Zeiss Axioplan 2 photomicroscope (Zeiss, Thornwood, NY) equipped with a Ludl XY motorized stage (Ludl Electronics, Hawthorne, NY), Heidenhain z-axis encoder, and an Optronics MicroFire color videocamera (Optronics, Golenta, CA) coupled to a Dell PC workstation running StereoInvestigator software (MBF Bioscience, Williston, VT). Beginning at a random starting point, three equidistantly spaced sections were chosen for stereologic analysis. To quantify the density of different immunoreactive neuron classes, we outlined the boundaries of layer V in ACC at low magnification and placed a set of optical disector frames (100 3 100 lm 2 ) with a scan grid size of 100 3 100 lm 2 to sample the region of interest exhaustively. Disector analysis was performed under Koehler illumination using a 633 objective (Zeiss PlanApochromat, N.A. 1.4). The thickness of optical disectors was set to 8 lm, with a 1-lm guard zone at the top of the section. Adjacent Nissl-stained sections were also quantified to provide the total density of each morphological class as a frame of reference for comparison to those characterized by immunoreactivity. To estimate the density of neurons in layer V from Nissl-stained sections, we used a disector frame size of 30 3 30 lm 2 and 6 lm-thick optical disectors that were placed in a systematic random fashion using a 100 3 100 scan grid. Using this strategy, in each subject we sampled an average of 162 6 77 (s.d.) Nisslstained neurons, 141 6 96 ATF3-ir neurons, 196 6 101 IL4Ra-ir neurons, and 159 6 101 NMB-ir neurons. All numerical densities of neurons derived from these optical disector counts were corrected by the number-weighted mean section thickness as described in (Sherwood et al., 2007) .
In both immunostained and Nissl-stained sections, we categorized each neuron that was encountered within the permitted boundaries of optical disector frames into one of five different classes based on its morphology. The five categories included: (1) pyramidal, (2) VEN, (3) fork neuron, (4) enveloping neuron, and (5) other multipolar (see Fig. 1 ). Pyramidal neurons were identified by their large, triangular-shaped cell body, a singular, large apical dendrite, and multiple large basal dendrites that branched away from the soma. VENs were identified as previously described (Nimchinsky et al., 1995 (Nimchinsky et al., , 1999 , with a large, thin cell body and single, thick apical and basal dendrites. Fork neurons have been previously described in the human insular cortex by Ngowyang (1932) . They are similar to VENs in their basal aspect with a single large tapered dendrite, but they are distinguished by two apical dendrites that bifurcate close to the soma and project toward layer I in a Y-like fashion. Previously, ''enveloping cells'' have been described by both de Crinis (1933) and Syring (1957) . We recognized ''enveloping neurons'' as a type that was commonly observed abutting capillaries or other cells. Either their soma or dendrite would ''hug'' the space created by a capillary. The category ''other'' included neurons that did not meet the criteria for any other cell morphology described above, but were positively identified as neurons based on cell body and dendrites. Often, these would include neurons with either non-pyramidal or non-circular cell bodies or dendrites projecting out at varying angles and locations on the soma. Staining intensity varied among individuals, therefore neurons were quantified when they were several shades darker than the background, the shape of the soma was easily identified and major dendrites were clearly projecting from the cell body.
We examined inter-rater reliability in the identification and quantification of these different morphological classes by choosing six cases for analysis by a second rater (CCS) who was blind to the results of the primary rater (CDS). The second rater used the stereologic design described above to estimate the density of different morphological classes of neurons in layer V from three cases that were immunostained against ATF3 and three cases that were immunostained against NMB (i.e., a total of 30 neuron types were analyzed). The intraclass correlation coefficient for neuronal density values between raters was 0.98 (P > 0.001), indicating a very high degree of agreement.
Statistical significance was adjusted for multiple tests for each hypothesis that was examined.
RESULTS

Specificity of immunostaining to different morphological types of neurons in layer V
We observed immunostaining against ATF3, IL4Ra, and NMB in ACC of all hominoid species under investigation (see Fig. 2 ). As previously described in humans , neurons in layer V showed the most intense immunoreactivity to these proteins. Across all species, the predominant type of neuron in layer V that expressed immunoreactivity to ATF3, IL4Ra, and NMB had a pyramidal morphology (Kruskal-Wallis tests, all comparisons P < 0.001; Fig. 3a) . On average in hominoids, pyramidal-shaped cells represented 81% of all ATF3-ir neurons, 83% of IL4Ra-ir neurons, and 82% of NMB-ir neurons.
We used the total density of each morphological class from adjacent Nissl-stained sections to calculate a ratio representing the percent of the total neuron population that expressed immunoreactivity for each protein. In the pooled sample of hominoids, a higher percentage of VENs displayed immunoreactivity for each of the proteins as compared with all other morphological classes of layer V neurons (Fig. 3b) . Results of Kruskal-Wallis tests are shown in Table 2 .
Phylogenetic variation in immunostaining
Multivariate analysis of variance (MANOVA) was used to test whether phylogenetic groups differed in the percentage of neurons within each morphological class that expressed immunoreactivity to ATF3, IL4Ra, and NMB (see Fig. 4 ). For this analysis, species were used as groups; we pooled hylobatids-Hylobates muelleri (n 5 1) and Symphalangus syndactylus (n 5 1)-and the genus PanPan troglodytes (n 5 5) and Pan paniscus (n 5 1)-because of limited sample sizes.
The MANOVA revealed a significant overall effect for ATF3 (Wilks L 5 0.171, F 5 1.785, P 5 0.049, df 5 20). Of the five morphological classes of neurons, only VENs displayed a significant between-group effect (Kruskal-Wallis test statistic 5 12.571, P 5 0.014, df 5 4). Follow-up pairwise tests indicated that a significantly greater percentage of VENs in Homo were immunoreactive for ATF3 than in Pan (P 5 0.033) and Pongo (P 5 0.022). On average, 31% of VENs expressed ATF3 in humans, whereas 12% of VENs were immunoreactive in the other apes.
Similarly, the MANOVA was significant for IL4Ra (Wilks L 5 0.132, F 5 2.137, P 5 0.015, df 5 20) and the VENs were the only neuron class that showed significant phylogenetic variation (Kruskal-Wallis test statistic 5 13.451, P 5 0.009, df 5 4). Homo had a significantly greater percentage of IL4Ra-immunoreactive VENs than Pan (P 5 0.09), Gorilla (P 5 0.01), and Pongo (P 5 0.01). On average, 66% of VENs expressed IL4Ra in humans, whereas 20% of VENs were immunoreactive in the other apes.
In contrast, the MANOVA did not reveal any phylogenetic effects for the percentage of neurons that were immunoreactive to NMB (Wilks Lambda 5 0.198, F 5 1.596, P 5 0.091, df 5 20), although it is notable that a higher percentage of VENs in humans were immunoreactive to NMB relative to the other apes. Across all hominoids, a mean of 22% of VENs were immunoreactive for NMB.
DISCUSSION
VENs have emerged multiple times within ACC and insular cortex in mammalian phylogeny, occurring in largebrained, social animals, such as hominoid primates (Allman et al., 2005; Nimchinsky et al., 1995 Nimchinsky et al., , 1999 , cetaceans Hof and Van der Gucth, 2007) , and elephants . Previous research has demonstrated the morphological distinctiveness of VENs (Watson et al., 2006) , described their distribution in different species Butti et al., 2009; Hakeem et al., 2009; Nimchinsky et al., 1999) , and surveyed their protein expression profile Tetreault et al., 2010) . The current results provide the first quantitative analysis of phylogenetic variation in the biochemical phenotype of VENs relative to other layer V neurons in hominoid primates. Our findings indicate that ATF3, IL4Ra, and NMB proteins are expressed in a large proportion of VENs in the ACC of hominoids, whereas other neuron classes show immunoreactivity to these proteins at a lower frequency. This suggests that these pain-, immune-, and digestion-related proteins may perform a specific function in regulating the physiological responses of VENs.
We also found that, among all the morphological classes of neurons in layer V of ACC, only VENs exhibited a difference among species in the proportion of neurons that were immunoreactive to these markers. Notably, humans had a significantly greater percentage of VENs that were immunoreactive to ATF3 and ILR4a as compared to other apes. This pattern indicates that specializations of VENs may evolve along multiple routes, including modifications of morphology, distributions, and biochemical phenotype.
ATF3, IL4Ra and NMB are all hypothesized to be involved in aspects of visceral monitoring that might be relevant to social cognition Bédard et al., 2007; Chen et al., 1996; Hai et al., 1989; Nawa et al., 2000; Ohki-Hamazaki, 2000; Tetreault et al., 2010) . The biochemical characteristics of VENs that distinguish them from other neurons may contribute to self-awareness of body states such as the regulation of pain sensitivity, immune functioning, visceral activity, and appetite. Such increased neural interoception of one's own homeostatic condition may be used as a reference in the evaluation of social partners' emotions during interactions (Craig, 2009) . We speculate that such adaptations would be particularly significant in species such as hominoids, as well as cetaceans and elephants (Connor, 2007) , where fission-fusion social organization and the maintenance of alliances might have favored the evolution of enhanced capacities in social cognition (Lusseau, 2007; Potts, 2004) .
Interestingly, ATF3 and IL4Ra were expressed in a significantly higher proportion of VENs among humans as compared to other apes. NMB immunoreactivity was also found in a higher percentage of VENs in humans, although this difference did not reach statistical significance. ATF3 may modulate the emotional salience of pain experienced by oneself and others (empathy). Anterior cingulate cortex and the anterior insula (including FI) are strongly implicated in the neurobiological processes of empathy (Singer et al., 2004) . IL4Ra regulates the balance of self-protective and allergic responses, and its expression in the VENs is consistent with the role of ACC in the regulation of the severity of asthmatic responses to allergens (Rosenkranz and Davidson, 2009 ). Also of note, an imbalance of IL4Ra protein and associated decreases in T cells are observed in patients with schizophrenia, a psychiatric disorder in humans that leads to a deficit of verbal cognition, social emotion, and logical construction (Nawa and Takei, 2006) . Taken together, these findings suggest that these proteins may perform an important role in regulating signals relevant to social awareness.
We have demonstrated that certain biochemical characteristics of VENs distinguish them from other layer V neurons in ACC of hominoids, with humans showing the highest percentages of VENs that are immunoreactive to ATF3, IL4Ra, and NMB. Such modifications of VENs, which are critically situated in ACC and FI circuits, may be associated with an increased capacity for social intelligence through enhanced monitoring of one's own physiological states. Given the independent evolution of the VEN morphology in other large-brained species, such as whales and elephants, future studies may test the hypothesis that these unique neurons show a similar biochemical phenotype in these distantly related taxa.
